Recent advances in gene therapy can be attributed to improvements of gene delivery vectors. New viral and nonviral transport vehicles that considerably increase the efficiency of transfection have been prepared. However, these vectors still have many disadvantages that are difficult to overcome, thus, a new approach is needed. The approach of bacterial delivery could in the future be important for gene therapy applications. In this article we try to summarize the most important modifications that are used for the preparation of applied strains, difficulties that are related with bacterial gene delivery and the current use of bactofection in animal experiments and clinical trials. Important differences to the alternative gene therapy (AGT) are discussed. AGT resembles bacteria-mediated protein delivery, as the therapeutical proteins are produced not by host cells but by the bacteria in situ and the expression can be regulated exogenously. Although the procedure of bacterial gene delivery is far from being definitely solved, bactofection remains a promising technique for transfection in human gene therapy.
Introduction
Current gene therapy belongs to the most perspective therapeutical approach not only against monogenic diseases, but also cancer, ischemic heart disease and other polygenic diseases. 1 Despite the recent drawback in enthusiasm caused by the side effects in first clinical applications, gene therapy has the potential to cure and save the lives of many patients. 2 The basic principle of gene therapy lies in the delivery of a nucleic acid (a functional gene copy or an oligonucleotide) affecting the expression of a target gene in the desired location of the patient body. To achieve this goal, delivery vectors for the gene transfer are needed. Viral vectors derived from retroviruses, adenoviruses, poxviruses, parvoviruses and herpesviruses belong to the most frequently used. 3 However, naked plasmid DNA or its combination with compounds increasing the efficiency of cell membrane penetration (cationic lipids, lipoplexes etc.) can be also used, especially for short-term applications. 4 Another option is the use of bacterial delivery systems called bactofection. 5 Every vector system has its own strengths and weaknesses that are summarized in Table 1 .
What is bactofection?
The technique using bacteria for the direct gene transfer into the target organism, organ or tissue is called bactofection ( Figure 1 ; Table 2 ). The basic idea is nowadays celebrating its 25th birthday. 6 Transformed bacterial strains deliver the genes localized on plasmids into the cells, where these genes can be expressed as a therapeutical gene product. The delivery process might involve intracellular localization of the bacteria, but gene delivery from extracellularly localized bacteria was also reported via conjugational apparatus of Agrobacterium tumefaciens.
7 Bacteria used for bactofection should not be pathogenic. Plasmids contain sequences that are needed for the transcription and translation of the transferred genes. Bacteria-mediated transfer of plasmid DNA into mammalian cells (bactofection) is a potent approach to express plasmid-encoded heterologous proteins (protein antigens, hormones, toxins or enzymes) in a large set of different cell types including phagocytic and nonphagocytic mammalian cells.
The main problem of bactofection is the possibility of unwanted side effects related to the host-bacteria interactions. The response of the immune system might cause rapid clearance of bacteria or even autoimmune reactions. On contrary, the bacterial strains can acquire the virulence factors back and might cause serious infections. Therefore, to reduce the risk of clinically symptomatic infections to minimum, the bacteria are genetically modified. Moreover, most of the used strains contain a suicide gene that eases bacterial destruction. During the destruction of vectors, plasmids are released and delivered into the nucleus. Of course, the products of the lysis are released from the cells and they can induce immune system activation. Thus, the bacteria are attenuated not to produce superantigens. However, the use and application of complex systems, for example, bacterial cultures into a mammal, are always accompanied with unpredictable side effects that can be studied seriously only in large randomized clinical trials.
The main advantages of bactofection are the simplicity of application [8] [9] [10] [11] and the selectivity of gene transfer, which can be improved in the future by modulating, for example, organ-specific activity. 12 What is alternative gene therapy?
Another interesting approach that might be used in gene therapy is the so-called alternative gene therapy (AGT). 13 Bacteria are not used for the gene transfer but should persist in the target tissues. Persisting bacteria produce the therapeutical polypeptide in situ, thus, this technique resembles bacterial protein delivery ( Figure 2 ; Table 3 ). In comparison to classic gene therapy using gene transfer into the mammalian cells AGT offers the extremely important possibility of gene expression regulation using low molecular weight inductors of expression dependent on the used expression system. If needed, the therapy can always be stopped. Bacteria can be eliminated using antibiotics as their resistance spectrum is defined. This negative regulation cannot be performed in classic gene therapy or bactofection. The use of antibiotics in bactofection or suicide genes (e.g. tymidine kinase) in viral vectors can increase the safety of delivery, but it does not affect the expression of therapeutic genes itself. AGT can be improved using experience from bactofection experiments since the transport of bacteria in the organism does not differ significantly among these two methods. Although bactofection and AGT share some characteristics such as their side effects and other similarities, the key difference lies in the expression of the desired gene. In bactofection, the transgene is expressed in the eukaryotic host cell; in AGT bacteria are the producer of the therapeutical peptide. 
Bacterial strains
Many bacterial strains are used in gene therapy and they can be divided according to where they reside inside the host. They can be localized primarly in cytoplasm (Listeria, Shigella), in vacuoles (Salmonella, Yersinia) or in extracellular space (Agrobacterium). 7 However, this classification is far from being strict, as genetic modification can alter these phenotypic characteristics in most used strains.
Escherichia coli as a classic model and best-described laboratory tool in molecular biology has been used also in gene therapy, although only after several defined modifications. One of these is the mutation DdapAOcat in E. coli. This mutation causes an accelerated disintegration of the bacterial cell in media without diaminopimelic acid similarly to the environment in mammalian lysosomes (decreased virulence). This modification considerably decreases the pathogenic potential of the laboratory strains. On contrary, E. coli strains used for bactofection are genetically engineered for better penetration through the cellular membrane (increased virulence) and for the facilitation of the release of the carried plasmid into the cytoplasm of the target cell. These features are ensured by genes like inv from Yersinia pseudotuberculosis that encodes invasin and hly from Listeria monocytogenes that encodes listeriolysin O (LLO). Invasin enables E. coli to penetrate cells expressing b1-integrins on their surface (e.g. airway epithelial cells). LLO causes the breakdown of lysosomal membranes after phagocytosis. 14, 15 L. monocytogenes, which is capable of surviving inside a mammalian cell, can also be used for bactofection, but its pathological effects have to be eliminated. 16 Gene ply118 encoding a phage endopeptidase (or lysin) is responsible for bacterial lysis and subsequently for the plasmid release. Regulatory sequences of ply118 contain the Pact promoter, which is preferentially activated after Listeria enters the host cytoplasm. 17 Thus, the bacterial lysis induced by ply118 is restricted to the cytoplasm of the mammalian cell.
12,18
Bifidobacterium longum is a facultative anaerobic microbe. After systemic application, its growth is limited to hypoxic areas such as the tissue of solid tumors. 8 Similar metabolism, and thus, similar applications have Salmonella enterica serovar typhimurium and S. choleraesuis in bacteria-mediated gene delivery. 19 The attenuation is achieved by deletion of not only aroA, aroC (both involved in synthesis of aromatic amino acids), but also ssaV (causes defects in the secretion apparatus encoded by a region of Salmonella pathogenicity island 2 -SPI2) or sifA (mutants cannot preserve the enveloping endosomal vacuoles). 5, 11 Increased specificity of the growth in the tumor tissue is achieved by the deletion of purI 20, 21 or by creating Leu/Arg-dependent auxotrophic Salmonella mutants. 22 These bacterial mutants are dependent on exogenous adenine sources. Tumor tissues represent such an adenine source due to the increased cell turnover. The TNFa production as a marker of inflammation is reduced by inhibiting the production of lipid A or lipopolysaccharide, 20 which can be achieved also by the deletion of msbB gene. 21, 23 Other approaches to limit the pathogenity of Salmonella strains include affecting the synthesis of adenylate cyclase, adenine methylase, various receptor proteins or the global regulatory system phoP/phoQ. 24 Other prokaryotes including Yersinia enterocolytica, 24 Shigella flexneri, 18 Clostridium beijerinckii, 25 Toxoplasma gondii, 26 Clostridium sporogenes 27 and other Clostridium strains 21, 28 are rarely used. Nevertheless, some of these bacterial strains can efficiently invade intestinal epithelia and as the factors of virulence are studied in detail, future studies on gene therapy using these potentially valuable vectors can be awaited.
Experimental and clinical studies Bactofection
Bactofection has shown to be a useful tool in the therapy of several tumors in mice. Melanoma, colon carcinoma and lung carcinoma in mice can be used as an example. DNA vaccination using S. enterica serovar typhimurium transformed with plasmid-carrying vascular endothelial growth factor receptor 2 (VEGFR-2 or FLK-1) gene has been described. This approach reduced growth of established metastases of these tumors in mice. 29 Other Salmonella strain Salmonella choleraesuis allowed targeted gene delivery into the tumor tissue. In this study, bacteria were used as a vector for the delivery of thrombospondin-1 gene to murine melanoma. This approach significantly inhibited the tumor growth and prolonged survival in the murine melanoma model. 30 The possibility of treatment of not only solid tumors was described in study using oral delivery system with S. typhimurium carrying CD40 ligand gene against B-cell lymphoma in mice. 9 Invasive strains of E. coli are capable of transferring a functional gene copy into target cells (airway epithelium) in various models of monogenic diseases like cystic fibrosis (CF).
14 A major problem of this study was the unsatisfying selectivity of gene transfer. The treatment of CF was also a goal of a study using Listeria monocytogenes. These bacteria delivered CF transmembrane conductance regulator to mammal cells indicating the Bacteria in gene therapy R Pálffy et al possibilities of bactofection usage in the treatment of inherited disorders. 31 A completely different problem was solved in a similar fashion using L. monocytogenes. The bacteria delivered interleukin 10 and 12 genes into mammalian cells, while this production affected the progress of Leishmania infection. The study was conducted in vitro and in vivo in mice, but despite promising results this method has not been tested clinically yet. 12 Also, protection against lethal doses of L. monocytogenes infection in mice after multiple application of S. typhimurium-carrying plasmid-encoding LLO from L. monocytogenes as a antigen was described. 32 Bactofection can also be used for DNA vaccination against numerous microbial agents including viruses, parasitical protozoa, fungi and even other bacteria. 5, 10, 11, 24 Plasmids in bacterial vectors carry genes encoding antigens that are expressed in the eukaryotic cells after transfection. Attenuated bacteria can also express the antigens themselves without a transfer of DNA into the eukaryotic cells and in addition they act as adjuvans. 33 Currently, RNA interference identified in numerous organisms is currently being used for the posttranscriptional gene silencing. Genetic information for specific dsRNA production can be delivered into the target cells also via bactofection.
34,35
Alternative gene therapy A promising and very sophisticated approach is the clinical use of transformed S. typhimurium producing cytosine deaminase (CD) in the therapy of colorectal cancer as one of the civilization diseases -a tumor with very high incidence and prevalence in Caucasian population. Although the study was a phase II clinical trial with a low number of participating patients, the results are very motivating and point towards the potential of this procedure. 20 As the gene was not transferred into the host cells but expressed in the bacteria, this approach cannot be classified as bactofection, on contrary, it resembles the principle of AGT. The produced protein has not a direct therapeutical effect. This enzyme catalyzes the conversion of an exogenously applied harmless molecule into an agent used often in chemotherapy with detrimental effects on tumor tissue. Thus, the usage of tissue-specific growth and expression limits the side effects of this kind of chemotherapy. Similar studies using S. typhimurium were published focusing on the treatment of spleen cancer and various lymphatic tumors.
11
The same mechanism of delivering CD into solid tumor using C. sporogenes 27 was described. Clostridium strains as a tool of AGT in cancer therapy were well described in review article from Minton. 28 In another study, the authors described C. acetobutylicum expressing murine-TNFa as a possible tool for cancer therapy. 36 B. longum transformed with plasmid containing the gene for human endostatin has been used for the treatment of liver tumors in BALB/c mice. As a potent inhibitor of angiogenesis, endostatin inhibited the progress of the tumors, as the growth of solid tumors is dependent on oxygen and nutrient supply via new vessels. 8 Main advantages of this approach are inexpensiveness, target tissue specificity, easy and safe delivery in comparison to other gene therapy vectors or direct protein administration. In this very interesting study, another possibility of using bacteria therapeutically has been shown. Prokaryotes precultivated in selenite-rich medium have been used for the transport of this anorganic salt -sodium selenite into the target tumor tissue. Genetically modified bacteria are also experimentally used as recombinant probiotics for the therapy of gastrointestinal disorders, but their clinical usage is dependent on a wide acceptance in the society, what is currently not the case.
Although most studies using bacteria for various gene therapy-related procedures are focusing on the treatment of cancer, expectations are put into the usage of prokaryotes in other clinical entities like cystic fibrosis 14, 37 or ischemic diseases. 13 
Conclusion
In summary, bactofection seems to be a valuable tool equivalent to other methods using nonbacterial vectors for gene delivery. Many details must be explored, important problems solved in the near future. Although the studies using bactofection and AGT are still relatively rare, considerable advantages of prokaryotic vectors in some indications make this method a perspective approach that after future extensive experimental investigations might also have a heavy impact on the clinical therapy of various diseases.
